A large share of hepatitis C virus amino acid sequence variation is concentrated within two hypervariable regions located at the N-terminus of the E2 envelope glycoprotein (HVR1 and HVR2). Interhost and intrahost comparison of 391 E2 sequences derived from 17 subjects infected with HCV using amino acid entropy revealed clustering of amino acid variability at a third site (residues 431-466), which was termed HVR3. Genetic distance analysis supported the division of HVR3 into three subdomains (HVR3a, HVR3b, and HVR3c). Study of synonymous and nonsynonymous nucleic acid substitutions confirmed that HVR3a was subjected to strong intrahost-selective pressure. Physicochemical and antigenicity predictions, conservation of key residues, and molecular modeling were concordant with one another and further validated the proposed organization of HVR3. Taken together, these results are suggestive of a role for HVR3 in cell surface receptor binding and viral entry akin to that proposed for HVR1 and HVR2.
Introduction
Hepatitis C virus (HCV) is an enveloped RNA virus belonging to the Flaviviridae family (Choo et al., 1989 . Despite the fact that some infected individuals are able to clear the virus, more than 80% become chronically infected and may develop liver cirrhosis and hepatocellular carcinoma (Saito et al., 1990; Alter et al., 1992; Bach et al., 1992) . Hepatitis C is a leading cause of liver transplantation and represents a continuing public health concern. There is currently no vaccine to prevent HCV infection.
As a result of common modes of transmission, the global prevalence of HCV infection among human immunodeficiency virus type 1 (HIV-1)-infected subjects ranges between 30% and 50%, with rates of coinfection as high as 90% in injection drug users and almost 100% in patients with hemophilia (Dieterich, 1999; Dodig and Tavill, 2001) . Several studies have shown that coinfection with HCV and HIV-1 adversely affects liver fibrosis, HCV viral load, and progression of HCV disease (Soriano et al., 1999; Bonacini and Puoti, 2000; Benhamou et al., 2001) .
The high genetic variability of HCV contributes to the chronicity of hepatitis C. Based on nucleotide sequence analysis, HCV was classified into 6 genotypes and a series of subtypes (Simmonds et al., 1993 (Simmonds et al., , 2005 . Moreover, in individual subjects, HCV is present as a dynamic population of distinct but closely related variants designated quasispecies (Martell et al., 1992; Bukh et al., 1995) . HCV quasispecies evolution is influenced mainly by (a) the high production rate of viral particles; (b) the lack of error correction mechanisms by viral RNA-dependent RNA polymerase; and (c) selective pressure exerted by host immune responses. The HCV E2 viral envelope glycoprotein is a preferred target for humoral Kato et al., 1993) and cell-mediated immune responses (Shirai et al., 1999) . Not surprisingly, a large share of HCV sequence variation is concentrated within the hypervariable regions of E2, including hypervariable region 1 (HVR1), a sequence of 27 amino acids located at the N-terminus of the protein Kato et al., 1992) . The conservation of overall conformation and positively charged amino acid residues at specific positions of HVR1 are consistent with a role in target cell recognition and virus attachment (Penin et al., 2001) . HVR1 exhibits the highest degree of intersequence variability in the HCV genome and constitute a practical model for the study of host-selective pressure and quasispeciation; that is, the process of viral genetic diversification leading to quasispecies formation following clonal infection (Sala and Wain-Hobson, 2000) . Quasispecies dynamics based on HVR1 are indicative of outcomes such as spontaneous viral clearance (Farci et al., 2000; Chen and Wang, 2005) , response to interferon treatment (Farci et al., 2002; Gaudy et al., 2003; Abbate et al., 2004) , and HCV-associated liver histopathology (Honda et al., 1994; Gonzalez-Peralta et al., 1996) . The second hypervariable region of E2, HVR2, consists of 9 amino acids located downstream of HVR1 (Kato et al., 1992) . In this case, structure predictions are consistent with a potential involvement in cell surface receptor binding (Yagnik et al., 2000) . Here, we report on the identification of an additional highly variable region in HCV glycoprotein E2, which we termed HVR3. Quasispecies diversity was studied in order to determine whether HVR3 was potentially subjected to selective pressure exerted by host HCV specific immunity, and the physicochemical and structural characteristics of this region were evaluated to gain insights into its possible functional roles.
Results

Identification and characterization of HVR3
HCV E1 and E2 envelope gene sequences were amplified starting with serial serum samples (pregestational; 1st, 2nd, 3rd trimesters; postpartum) obtained from 17 pregnant women infected with HCV, including 13 who were coinfected with HCVand HIV-1. Four women were studied throughout two conscutive pregnancies. Nine patients were infected with HCV genotype 1a, 5 with HCV genotype 1b, and 3 with HCV genotype 3a. A total of 1337 nucleic acid sequences (570-576 nucleotides) were obtained, including 1101 that were nonredundant, representing a mean of 78.7 sequences per patient (range = 52-147). Nucleotide sequences were edited and translated, spanning amino acid positions 319-508 of the HCV-1a reference sequence (GenBank accession no. M62321), and corresponding to the 65 Cterminal amino acid residues of E1 and the 125 N-terminal amino acid residues of E2 (E1/128-E2/125).
First, for the purposes of estimating amino acid sequence diversity, a data set comprised of all 391 E1-E2 sequences derived from third trimester samples from all patients was assembled, of which 331 (84.7%) were nonredundant at the nucleic acid level, representing a mean of 23 sequences per patient (range = 17-38). Hence, this data set simultaneously sampled roughly equivalent contributions from both intrahost and interhost E1-E2 amino acid sequence diversity. Amino acid sequences were aligned, and the entropy or variability at each position of the alignment was determined (Fig. 1) . The entropy Fig. 1 . Amino acid sequence diversity in HCV E1-E2 envelope glycoproteins. Variability at each amino acid position was computed using a data set comprised of 391 E1-E2 sequences derived from third trimester samples from all study subjects and the Entropy-ONE Web tool (Korber et al., 1994) , as described under Materials and methods. Amino acid positions correspond to the M62321 reference sequence (Choo et al., 1989) . Boundaries of E1, E2, HVR1, and HVR2 were set in accordance with previous reports Kato et al., 1992) .
profile revealed that amino acid variability was not uniformly distributed across the amplified E1-E2 segments, with visually discernible clusters of amino acid sequence diversity. The first cluster (amino acid positions 384-410) was well defined and corresponded to the 27 amino acids of HVR1 , whereas a second cluster, further downstream (amino acid positions 474-482), corresponded to HVR2 (Kato et al., 1992) . Interestingly, distribution of amino acid entropy in the region between HVR1 and HVR2 (amino acid positions 411-473) was clearly discontinuous, and a third cluster of amino acid variability was readily delineated, spanning amino acid positions 431-466, approximately halfway between HVR1 and HVR2 (Fig. 1) . For the purpose of the present study, we termed this region HVR3. HVR3 was empirically subdivided into two regions of roughly equal size, which were termed HVR3a (amino acid positions 431-449) and HVR3b (amino acid positions 450-466). Additional sequence variation was observed at the N terminus and C terminus of the amplified segment (Fig. 1) . Analysis was focused on HVR3 because (a) the first 65 Nterminal amino acids are in fact localized within the C-terminal portion of the E1 envelope protein; and (b) amino acids at the C terminus are localized at the extreme end of our sequence reads, where base miscalls are more prevalent. The overall entropy profile was not affected by removal from the alignment of all HCV-3a sequences (n = 58; subjects TV453, TVC45, and TVC73) and/or all sequences from patient TV531 (n = 17), who respectively exhibited a 1 and 2 amino acid insertion between positions 476 and 477 (data not shown). Likewise, comparable amino acid entropy profiles were obtained when analysis was performed with (a) additional subsamples from the complete 1337 sequence data set (Troesch et al., unpublished) ; or (b) a set of 187 full-length genomic HCV sequences comprising all 6 major HCV subtypes (http://hcv.lanl.gov/content/hcv-db/; Kuiken et al., 2005 ) (Supplemental Fig. 1 ; data not shown).
To test relative amino acid sequence variability, genetic distances were estimated within each of these domains and subdomains (Table 1) . As expected, highest variability was observed at the positions corresponding to HVR1 and HVR2. Mean genetic distance was lower in HVR3 (431-466) than in HVR1 or HVR2 but higher than that obtained when the complete E1/128-E2/125 segment was analyzed (Table 1) . Within HVR3, the HVR3b subdomain was comparatively more variable than HVR3a or than the whole of HVR3. Additional truncation of the HVR3b subdomain into HVR3c (amino acid positions 456-466) circumscribed a region of high sequence diversity, with a mean genetic distance of 0.430 ± 0.064 (Fig. 1) . These values represented 84.5% and 79.5% of the mean genetic distances measured within HVR1 and HVR2, respectively, and 170% of the mean variability observed in the complete E1/128-E2/125 region (Table 1) . Again, none of these estimates was adversely affected by exclusion of all HCV-3a sequences and/or sequences from patient TV531 (see above), and all were comparable to those obtained using a set of 187 full-length genomic HCV sequences retrieved from the Los Alamos database ) (Supplemental Table 1 ; data not shown).
Intrahost selective pressure
Next, the presence and extent of intrahost selective pressure exerted on HCV E2 sequences were examined within gene segments encoding the HVR1, HVR2, HVR3, HVR3a, HVR3b, and HVR3c subdomains, which showed the highest amino acid variability when initial interhost comparisons were performed (Table 1) . To do this, we assembled data sets comprised of nucleic acid sequences derived from longitudinal samples obtained from each patient throughout pregnancy (pregestational; 1st, 2nd, 3rd trimesters; postpartum). The ratio of the mean number of nonsynonymous substitutions per nonsynonymous site over the mean number of synonymous substitutions per synonymous site (dN/dS) was then computed within the abovementioned E1-E2 subdomains, with a dN/dS ratio >1 taken as an index of positive selection for specific amino acid residues (Nei and Gojobori, 1986) . As HVR3 and HVR3c represented broadly overlapping and/or nested subregions, comparisons of dN/dS ratios were not drawn that involved either of these regions. Finally, it should be noted that the Los Alamos data set essentially samples interhost not intrahost variability (i.e., all of these sequences are presumably unrelated). The extent of intrahostselective pressure can therefore not be computed using such a data set.
Overall, statistically significant differences in median dN/dS ratio were observed between subregions in multiple group analysis (P = 0.0002, Kruskal-Wallis test). As expected, median dN/dS ratio for HVR1 (2.391; interquartile range (IQR) = 0.816-3.092) was significantly higher than that observed in HVR2 (0.227; IQR = 0.089-0.858), HVR3b (0.204; IQR = 0.129-0.330), but not HVR3a (0.719; IQR = 0.280-1.120) (P < 0.01, P < 0.001, and P > 0.05, respectively, Dunn's multiple comparison test) ( Table 2) . Thirteen of 17 HCV-infected subjects tested (76.5%) had a dN/dS ratio >1 in HVR1, as compared with 6 of 17 (35.3%) in HVR3a, 2 of 17 (11.8%) in HVR2, and 1 of 17 (5.88%) in HVR3b (Table 2 ). In addition, 10 of 17 HCV-infected subjects (58.8%) exhibited statistically significant positive selection in HVR1 in analysis of variance (P < 0.10, Z test), as compared with 2 of 17 (11.8%) in HVR3a, 1 of 17 (5.88%) in HVR2, and 0 of 17 (0%) in HVR3b (Table 2) . These results are (Choo et al., 1989) .
b Mean genetic distance was calculated as mean of pairwise p distances. c Standard error of the mean was computed by bootstrapping (500 replicates) (Kumar et al., 2001 ).
consistent with the established role of HVR1 as one of the principal foci of intrahost immune-selective pressure Kato et al., 1993; Farci et al., 2000 Farci et al., , 2002 Canobio et al., 2004) . These results also indicate that HVR3a (residues 431-449) was the second most highly selected subdomain after HVR1 within the E2 region examined, and HVR3b was the least selected. Overall, this observed hierarchy in positive subdomain selection provides experimental support for the amino acid entropy and genetic distance-based clustering approach initially used to define HVR3, HVR3a, HVR3b, and HVR3c ( Table 1) . Interestingly, linear regression analysis revealed a statistically significant relationship between the dN/dS ratios computed in HVR1 and HVR3a (r 2 = 0.360, P = 0.0105). However, there were no such significant relationships observed that involved either HVR2 or HVR3b. These results suggest that the selective forces that shape the amino acid sequences of HVR1 and HVR3a act in a similar and/or synchronous manner on both subregions, whereas genetic diversification in HVR2 and HVR3b would appear to be driven by distinct selective forces.
Influence of HCV subtype and coinfection with HIV-1
Three subjects in our study group (TV453, TVC45, and TCV73) were infected with HCV-3a, a subtype that not only displays marked amino acid sequence dissimilarity as compared with HCV-1a and HCV-1b, but also exhibits variant biological properties in terms of pathogenesis and resistance to interferon treatment (Pawlotsky, 2000; Rubbia-Brandt et al., 2001) . For these reasons, intrahost-selective pressure was examined separately in these subjects. Median dN/dS ratio was lower in patients infected with HCV-3a than HCV-1a or HCV-1b for all subdomains analyzed (Table 2) . Within HVR1, 2 of 3 subjects (66.6%) with HCV-3a infection displayed a dN/dS ratio >1, and 1 of 3 (33.3%) exhibited significant positive selection as determined by analysis of variance (Table 2) . These proportions were similar to those observed in subjects infected with HCV-1a or HCV-1b with respect to HVR1 and all other E2 subdomains, but the statistical significance of these observations was not tested due to the limited number of HCV-3a-infected subjects enrolled in our study group.
In addition, a number of studies have reported that infection with human immunodeficiency virus type 1 (HIV-1) influenced HCV quasispecies distribution and reduced host-selective pressure exerted on HVR1 in coinfected subjects (Sherman et al., 1996; Mao et al., 2001; Canobio et al., 2004) . Because of this, intrahost-selective pressure on HVR1, HVR2, HVR3a, and HVR3b was compared between HCV/HIV-1 coinfected patients (n = 14) and patients infected solely with HCV (n = 4). Overall, the median dN/dS ratio was not significantly higher in subjects infected only with HCV than in coinfected patients (P > 0.117, Mann-Whitney U test), and there was no significant difference in the proportion of coinfected subjects exhibiting either a dN/dS ratio >1 or significant positive selection for any of the E2 subdomains analyzed (P > 0.235, Fisher's exact test).
Physicochemical properties and predicted antigenicity of HVR3
Because HVR3, and in particular HVR3a, stood out as HCV E2 envelope glycoprotein subregions subjected to relatively high intrahost selective pressure, details of their physicochemical Nucleic acid sequencing, HCV genotyping, and calculation of the dN/dS ratio were performed as described under Materials and methods. a Amino acid positions correspond to the M62321 reference sequence (Choo et al., 1989) . b Denotes dN > dS. c Denotes significant positive selection as determined by analysis of variance (P < 0.10, Z test) (Kumar et al., 2001 ). nc: not computed due to absence of synonymous substitutions in that particular sequence subset.
d Analysis performed on two consecutive pregnancies.
properties and predicted antigenicity profiles were further investigated. This analysis was based on an HVR3 consensus sequence of 36 amino acid residues (DSLNTGFLAGLFYY-HKFNSSGCPERLASCRPITDFA) derived from the 391 third trimester E1-E2 sequences (see above and Table 1 ). According to the Kyte and Doolittle (1982) method, HVR3 displays a rather hydrophilic central region located within the C-terminal portion of HVR3a, whereas its flanks (i.e., N-terminal HVR3a, HVR3b) are generally hydrophobic (Fig. 2A) . The Parker index, which integrates hydrophilicity, atomic flexibility, and HPLC retention components, remains one of the most extensively validated in silico predictors of protein antigenicity (Parker et al., 1986) . Computing of this index over the HVR3 consensus sequence revealed two salient peaks of antigenicity, both located within the C-terminal part of HVR3a and both overlapping regions of relatively high hydrophilicity highlighted in the Kyte-Doolittle plot ( Figs. 2A and B) . These regions also overlapped with segments predicted to be highly surface-exposed by the Janin accessibility method (Fig. 2C ) (Janin, 1979) . Overall, combination of these prediction algorithms suggests that the main antigenic portion of HVR3 lies within HVR3a, and positions HVR3a at the surface of E2, where it should be accessible and recognizable by antibodies. These observations further validate the HVR3a, HVR3b, and HVR3c subdomain organization initially proposed on the basis of amino acid sequence entropy and genetic distance. Detailed examination of the amino acid sequence composition of HVR3a revealed a domain comprised of relatively conserved hydrophobic residues surrounded by relatively hydrophilic or neutral amino acids (Fig. 3) . Thus, in spite of the relative amino acid sequence variability observed within this region, its overall hydropathic character appears highly conserved, both in interhost and intrahost comparisons (Fig. 3) . In particular, amino acid positions 433, 437, 438, 439, 441, 442, 443 , and 447 were almost exclusively held by hydrophobic residues. Positions 432, 435, and 436 were occupied by neutral residues, with a fully invariant glycine at position 436. The remaining positions were held by hydrophilic (431, 434, 445, 446, and 448) or variable amino acids (440, 444, and 449) (Fig.  3) . Overall, positions of highest amino acid sequence variability within HVR3a overlapped those of predicted antigenic sites (Fig. 2B) . Positively charged residues were mainly found Cterminal from the hydrophobic center (positions 445 and 446 in 81.0% and 93.3% of sequences, respectively) and to a lesser extent at position 444 (7.44%). Position 434 exhibited both positively and negatively charged residues, with a preference for basic amino acids (28.0% versus 10.0%). Interestingly, the first position of HVR3a (residue 431) was almost always occupied by a basic residue. Fully consistent profiles were observed when analysis was performed using a set of 187 full-length genomic HCV sequences from the Los Alamos HCV sequence database (data not shown) . The conservation of hydrophobic amino acids and charged residues suggests that the overall conformation of HVR3a is likewise conserved among HCV variants comprised within the quasispecies.
Molecular modeling of HVR3
The tick-borne encephalitis virus (TBEV) E protein, which is distantly related to HCV envelope glycoproteins, remains the closest available crystal structure amenable to three-dimensional modeling of E2 (Rey et al., 1995) . Work using this model has led to the formulation of several testable hypotheses regarding E1-E2 structure, higher order organization, immunogenicity, and function (Yagnik et al., 2000; Slater-Handshy et al., 2004; Heo et al., 2004) . This model was reconstructed by incorporating the consensus amino acid sequence of HVR3 derived from alignment of the 391 third trimester E1-E2 sequences described above. Confirming antigenicity and accessibility predictions, HVR3 was found to be very largely exposed at the surface of E2, with a potential contact surface of approximately 800Å 2 and 50% of HVR3 amino acids having more than 30% of their total surface exposed (Fig. 4) . In fact, the only amino acid residues that appear to be entirely buried within the structure are phenylalanine 437 and leucine 438 (0% exposure), which are primarily hidden underneath cysteine 503 and glycine 504, whereas alanine 439 and glycine 440 have <5% exposure. In this three-dimensional model, HVR3 lies distal to the proposed dimerization interface (Rey et al., 1995) . HVR3 is also strikingly distant from HVR1, which is situated at the opposite end of E2 and largely positioned on the other face of the protein. This structural arrangement would make direct interactions between these two domains improbable, both in the context of monomeric and dimeric envelope structures. In contrast, and most interestingly, HVR3c is in close spatial proximity with HVR2: the apex of HVR2 (GSG tripeptide) and the center of HVR3c (RPL tripeptide) are separated by an estimated distance of 27Å, whereas the closest point-to-point distance between HVR2 and HVR3 is only 9Å.
Discussion
HCV E1 and E2 envelope glycoproteins are of particular interest because of their central implication in the initial steps of viral infection and because they constitute important targets for the host's HCV-specific immune responses. Herein we report that significant clustering of interhost genetic diversity takes place outside of already-described E2 hypervariable regions HVR1 and HVR2. In addition to HVR1 and HVR2, amino acid sequence variability was particularly striking within HVR3 as a whole (amino acid positions 431-466) and HVR3c (amino acid positions 456-466). Evidence was also provided that these newly described envelope subdomains were subjected to differential levels of intrahost selective pressure. Indeed, positive selection, as expressed by the mean dN/dS ratio, was highest in HVR1 > HVR3a > HVR2 > HVR3b. In fact, the dN/dS ratio was higher in HVR3a than HVR2 in 13 of 17 patients (76.5%) examined in the present study (Table 2) . Interhost genetic diversity and intrahost selection pressure were not strictly dependent on HCV genotype: these parameters were indistinguishable in subjects infected with HCV-1a, HCV-1b, or HCV3a, even though the limited number of subjects examined per stratum may have obscured the detection of subtle differences in (Rey et al., 1995; Yagnik et al., 2000) . Blue: hypervariable region 1 (HVR1); red: hypervariable region 2 (HVR2); orange: hypervariable region 3c (HVR3c); orange and pink: hypervariable region 3b (HVR3b); orange, pink, and green: hypervariable region 3 (HVR3). Fig. 3 . Amino acid usage in HVR3a. The range of amino acid residues that occupy each position of HVR3a was determined from a data set comprised of 391 E1-E2 sequences derived from third trimester samples from all study subjects. HI: hydrophilic; N: neutral; HO: hydrophobic. Amino acid positions correspond to the M62321 reference sequence (Choo et al., 1989). this regard. Interestingly, interhost genetic variability and intrahost selective pressure were not focalized on identical E2 subdomains, with the exception of HVR1, which was both highly diversified and subjected to robust positive selection. Furthermore, significant correlation between the dN/dS ratios observed in HVR1 and HVR3a, but not HVR3b and HVR2, is potentially reflective of functional differences between respective subdomains (see below).
Intrahost selective pressure can be exerted at least in part by host HCV-specific immune responses, and humoral immunity is an important component of this response. Indeed, neutralizing monoclonal antibodies 1/39, 2/69a, 7/16b, and 11/ 20, that block the binding of HCV-like particles to human CD81 and inhibit infection of Huh-7.5 hepatoma cells by HIV pseudotyped particles bearing native HCV E1 and E2, bind within a 15 amino acids region of glycoprotein E2 (amino acid residues 432-447) that maps precisely to HVR3a (Flint et al., 1999; Owsianka et al., 2001; Hsu et al., 2003) . In addition, we cannot exclude that cell-mediated immune responses, in particular class I MHC-restricted cytotoxic T lymphocytes (CTL), also play a role in exerting selective pressure on particular HVR3 segments. Multiple CTL epitopes were described in E2, including some located within hypervariable regions (Shirai et al., 1999; Frasca et al., 1999; Tester et al., 2005) . In particular, the HLA-B53-restricted epitope CRPLTDFDQGV maps to the Cterminal part of HVR3c (Wong et al., 1998) , whereas the E2-21 peptide (DFAQGWGPISYANGS), that straddles the C-terminal part of HVR3c and the N-terminal part of HVR2, is recognized by CD8 + T cells in HCV-infected subjects expressing HLA-A2, B15, and B51 (Dutoit et al., 2005) . Moreover, positive selection associated with CTL escape was observed in acute and chronic HCV infection (Timm et al., 2004; Cox et al., 2005) and could serve to explain interhost and intrahost amino acid sequence variability at positions occupied by hydrophobic residues (i.e., amino acid positions 437 and 438) that were predicted to be largely buried within E2 based on molecular modeling (Fig. 4) .
HIV infection induces a decline in CD4 + T cell numbers and, as a consequence, can result in suppression of HCV-specific immune responses in coinfected hosts (Lauer et al., 2002) . Consistent with this principle, several groups of investigators have shown that coinfection of HCV + subjects with HIV-1 led to a modulation of HCV quasispecies evolution and to reduced intrahost selective pressure on HVR1 (Mao et al., 2001; Canobio et al., 2004) . However, in the present study, a significant reduction in host selective pressure exerted on E2 was not observed in coinfected subjects, as compared with patients infected with HCV alone. This can be explained by the fact that mean CD4 + T cell counts in coinfected study participants were >500 cells/mm 3 , with only 2 subjects below the 200 cells/mm 3 AIDS-defining threshold. These values are not consistent with substantial HIV-associated immunosuppression. Hence, a marked reduction in selective pressure would not be anticipated. As well, 11 of 13 coinfected subjects were treated with antiretroviral therapy during the course of the study, including 10 who were treated with combinations of antiretroviral agents. This commonly leads to a rapid restoration of CD4 + T cell counts and of functional immunocompetence (Autran et al., 1997) . In fact, the two lowermost dN/dS ratios observed in HVR1 during the course of the study were observed in TV075 and TV179, two coinfected subjects who were not initially treated with antiretrovirals. In summary, data were presented that supports the existence in HCV E2 of a third hypervariable region located between HVR1 and HVR2. Concordance between results of the amino acid entropy-based clustering approach (Fig. 1) , interhost genetic distance comparisons (Table 1) , intrahost selective pressure data (Table 2) , secondary structure, antigenicity, and accessibility predictions (Fig. 2) , and three-dimensional molecular modeling (Fig. 4) provides compelling evidence in support of the proposed HVR3 subdomain organization. Taken together, these data also suggest that (a) at least sizable portions of HVR3, including the C-terminal part of HVR3a, are being exposed at the surface of E2; (b) consistent with monoclonal antibody binding, HVR3, including HVR3a, can be targeted by host humoral immune responses; and (c) consistent with antibody neutralization experiments, HVR3 plays a role in the process of binding with host cell receptors and entry of the virus into host cells. In this regard, whereas amino acid sequence variation observed in HVR3a was extensive in some cases, the basic organization and physicochemical characteristics of residues at key positions in HVR3a were generally well-conserved (Fig. 3) . In particular, further analysis showed that the hydropathic profile at the center of HVR3a was conserved among genotypes (data not shown), suggestive of functional constraints on variation potentially related to conformational conservation of the E2 glycoprotein, viral fitness, and/or specific subdomain function. Likewise, the conserved positive charges localized within the rather hydrophilic environment at the edge of the hydrophobic center of HVR3a represents a feature conserved across genotypes that suggests a functional role of this region, for instance in protein-protein interaction. Amino acid residues proximal to HVR2 have been implicated in binding of E2 to the CD81 cell surface molecule, an interaction that has strong potential relevance for viral entry of HCV in the host cell and the pathogenesis of hepatitis C (Pileri et al., 1998; Hsu et al., 2003) . Molecular modeling (Fig. 4) revealed that HVR3c and, to a certain extent, HVR3a and HVR3b, were closely clustered in the E2 envelope glycoprotein structure, suggestive of a potential role in binding of putative HCV cell surface receptors, including CD81, scavenger receptor class B type I (SR-BI) (Scarselli et al., 2002) , and/or heparan sulfate (Barth et al., 2003) . Alternatively, a region corresponding to HVR3a was recently reported to contain a fusion peptide-like domain (amino acid positions 436-443; GWLAGLFY) homologous to that found in TBEV, dengue virus, and other flaviviruses, which would have bipartite functions in binding CD81 and mediating fusion of the viral and host cell membranes (Drummer et al., 2005) . It is tempting to speculate that neighboring HVR3b, which shows marked amino acid sequence diversity in interhost comparisons but appears subjected to little if any intrahost selection, could be functionally involved in pH-dependent conformational changes in E2, leading to exposure of this putative fusion peptide. However, resolution of these issues will need to await direct experimentation.
In view of the results presented herein, we strongly feel that future investigations into HCV envelope function and HCV envelope-specific immune responses should take into account the full extent of amino acid sequence variability of the E2 glycoprotein, which clearly extends beyond HVR1 and HVR2. In addition, because of the high levels of interhost sequence variability observed outside of HVR1, cross-sectional studies based on comparisons of selective pressure in HVR1 and socalled invariant flanking regions should be interpreted with caution. A fuller understanding of the structure-function relationships in HCV envelope glycoproteins will contribute to the design of HCV entry inhibitors and may lead to the development of immunogens to prevent and/or treat hepatitis C.
Materials and methods
Patients and clinical parameters
Study subjects (n = 17) were selected among participants to the Centre Maternel et Infantile sur le SIDA mother-child cohort (CHU mère-enfant Sainte-Justine, Montreal, Canada) and were previously enrolled in a study of immune responses and HCV quasispecies evolution during pregnancy (Troesch et al., unpublished) . This study was conducted according to the Declaration of Helsinki, and the research protocol was approved by the Ethics Review Board of CHU mère-enfant Sainte-Justine, Montreal, Canada. All patients and their children were provided with medical care and counseling required by their condition. Mean age at study entry was 27.9 years (range = 22.2-40.7 years). Four of the subjects were infected with HCVonly and 13 were coinfected with HCV and HIV-1, as determined using standard diagnostic algorithms routinely applied in the Province of Quebec. At the time of the study, all coinfected patients were treated with combination antiretroviral therapy for the purpose of preventing mother-to-child transmission of HIV-1, with the exception of subjects TV075 and TV179, who were only treated during the second of two consecutive pregnancies analyzed. In coinfected subjects, mean CD4 + and CD8 + T lymphocyte counts, measured by flow cytometry, were 558 cells/mm 3 (range = 144-1287 cells/mm 3 ) and 731 cells/mm 3 (range = 431-1122 cells/mm 3 ), respectively. Serum was extracted from whole blood by centrifugation and kept at −80°C until used. HCV genotyping was performed by sequence analysis of the 5′ noncoding region and NS5B, as described (Murphy et al., 1994) .
RNA extraction, RT-PCR, cDNA cloning and sequencing RNA was extracted from 280 μl serum according to the QIAamp Viral RNA protocol and cDNA was synthesized using the OneStep RT-PCR method (QIAGEN, Mississauga, Canada) . A portion of the E1 and E2 genes from HCV genotype 1 (nucleotide positions 1278-1889) was amplified by RT-PCR, with the nucleotide sequence of HCV-1a used as reference (GenBank accession no. M62321). Amplification was carried out using primers E2/NS1a (5′-ATA ACG GGT CAC CGC ATG GCA TGG GAT AT-3′) and E2/NS1b (5′-CAC CAC CAC GGG GCT GGG AGT GAA GCA AT-3′) (Farci et al., 2000) . In the case of patient TVC55, primers E2/NS5aBIS (5′-GGC ATG GGA CAT GAT GAT GA-3′) and E2/NS1b were used (nucleotide positions 1295-1889). In the case of subjects infected with HCV genotype 3, primers E2/NS3a (5′-TGT ACC CAG GCC ATC TTT CA-3′) and E2/NS1b or E2/NS3b (5′-ATC AGT AGT GCC TAC GAC CA-3′) were used (nucleotide positions 1262-1890 or 1262-1902, respectively) , with the nucleotide sequence of HCV-3a serving as reference (GenBank accession no. D17763). Reverse transcription was performed at 50°C for 30 min. The PCR reaction consisted of 40 cycles of denaturing at 94°C for 50 s, annealing at 55°C for 1 min, and extension at 72°C for 1 min. The fact that the enzyme used was not a proofreading polymerase would have for effect to increase the observed mutation rate. However, this increase will be largely unbiased with respect to the localization of mutations within the amplified segments, and comparisons between various subloci located within a single amplicons should therefore remain valid (Polyak et al., 2005) . PCR products were purified from agarose gels using the GFX system (Amersham Biosciences, Piscataway, NJ). Amplicons were cloned between the twin EcoRI sites of pCR2.1-TOPO and were transformed into Escherichia coli TOP10-competent cells (Invitrogen, Carlsbad, CA). Plasmid DNA from transformants was extracted and purified with the Perfectprep Plasmid 96 Vac Direct Bind System (Eppendorf, Hamburg, Germany). Unidirectional sequencing of recombinants was performed on a Genetic Analyser 3100 (Applied Biosystems, Foster City, CA) using dye terminator chemistry.
Sequence analysis
Chromatograms were edited manually (Chromas version 1.45, Technelysium, Southport, Australia). All nucleotide sequences were submitted to GenBank (accession nos. DQ650805-DQ652141). Sequence alignments were visualized, compared, and edited using ClustalX version 1.81 (Thompson et al., 1997) . Variability at each amino acid position was calculated as the entropy, defined as −ΣP(s i )logP(s i ), where P(s i ) is the probability of a given amino acid (s) appearing at a given position (i). Entropy was computed and consensus amino acid sequence was determined using the Entropy-ONE Web tool (http://hcv. lanl.gov/content/hcv-db/ENTROPY) (Korber et al., 1994) . Mean genetic distance, defined as the mean of all pairwise p distance comparisons (number of amino acid differences divided by the total number of amino acid sites compared), and its standard deviation were calculated using MEGA version 2.1 (Kumar et al., 2001 ). The number of nonsynonymous (amino acid replacement) nucleotide substitutions per nonsynonymous site (dN), the number of synonymous (silent) nucleotide substitution per synonymous site (dS), and the dN/dS ratio were computed according to the Nei-Gojobori method with the Jukes-Cantor correction (Nei and Gojobori, 1986) . dN/dS was expressed as median and interquartile range (IQR), and the significance of positive selection was determined using analysis of variance (Z test), as implemented in MEGA 2.1 (Kumar et al., 2001) . As dN/dS does not follow the Gaussian distribution (Kolmogorov-Smirnov test), the Kruskal-Wallis test for multiple groups was selected for comparisons between medians.
Comparisons between regions were examined using Dunn's post test, which corrects for multiple comparisons in nonparametric tests.
Molecular modeling of HCV E2 glycoprotein
The model of E2 was generated essentially as described by Yagnik and coworkers (2000) . Briefly, secondary structure predictions were used to align HCV E2 with the sequence of the E envelope glycoprotein of TBEV. The alignment generated was used to model the E2 protein using the structure of the TBEV E protein (PDB code 1SVB; Rey et al., 1995) and the MODELLER program (Sali and Blundell, 1993) . Energy minimization of the resulting model was then performed using 100 steps of the steepest descents algorithm with the consistent valence force field (CVFF) (Dauber-Osguthorpe et al., 1988) . The protein structure was analyzed with the Swiss PDB Viewer 3.7 program (Guex and Peitsch, 1997) , and the final images were rendered using POVRAY version 3.5.
